Objective: Postmortem studies have implicated the central muscarinic acetylcholine system in schizophrenia. However, central muscarinic receptor availability has not previously been studied in vivo. Using [I-123]iodoquinuclidinyl benzilate ([ 123 I]IQNB) single photon emission computed tomography (SPECT), the authors sought to compare the muscarinic receptor availability in vivo in unmedicated patients with schizophrenia and normal subjects.
Bi ological investigations of schizophrenia have tended
to focus on the function of several neurotransmitter systems. Dopamine has been the most often studied and the most broadly implicated (for review see Carlsson [1] ). However, because the dopamine hypothesis of schizophrenia fails to explain many aspects of schizophrenia, other neurotransmitters, including glutamate, serotonin, and acetylcholine, have increasingly been investigated as potentially contributing to the pathophysiology of the disorder.
Diverse pharmacological, endocrinological, and neuropathological observations suggest that the muscarinic system may be altered in schizophrenia. Treatment of schizophrenia with antimuscarinic drugs may result in a worsening of psychosis (2, 3) . Sleep studies (4, 5) and endocrinological studies (6) suggest greater-than-normal cholinergic tone in schizophrenia. Studies in postmortem tissue have found relatively consistent alterations in the muscarinic system in schizophrenia. The first study of brain tissue of patients with schizophrenia found that patients had less muscarinic receptor binding in the frontal cortex than normal comparison subjects (7) . More recent studies have revealed significant reductions of various subtypes of muscarinic receptors in the caudate-putamen as well as in the hippocampus of patients with schizophrenia (8) (9) (10) (11) . These postmortem studies, however, have involved patients who were relatively elderly and had been chronically ill and treated with antipsychotic medications for many years. In vivo studies of muscarinic cholinergic receptor availability have not been performed in unmedicated patients with schizophrenia.
Iodoquinuclidinyl benzilate (IQNB), the iodinated form of quinuclidinyl benzilate (QNB), binds specifically and with subnanomolar affinity to all five muscarinic receptor subtypes (12) . IQNB can be used as a single photon emission computed tomography (SPECT) ligand to study muscarinic receptors in vivo (13) (14) (15) . Using [I-123]IQNB ([ 123 I]IQNB) SPECT, our group has previously demonstrated reduced in vivo muscarinic receptor availability in patients treated with the atypical antipsychotics olanzapine and clozapine (16; our work, submitted 2001). On the basis of the cited evidence suggesting an alteration of the muscarinic cholinergic system in schizophrenia, we performed a [ 123 I]IQNB SPECT study to compare the in vivo muscarinic cholinergic receptor availability in unmedicated patients with schizophrenia and normal subjects.
Method

Subjects
Twelve patients with schizophrenia were recruited from the inpatient service at the National Institute of Mental Health (NIMH)
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Neuropsychiatric Research Hospital at St. Elizabeths in Washington, D.C. Eight of the patients were men, and four were women; their mean age was 34.6 years (SD=6. 8, range=24-46) , and their mean illness duration was 12.2 years (SD=8.0, range=2-25). Before the start of the medication-free period, each patient gave written informed consent to participate in a [ 123 I]IQNB SPECT study according to a protocol approved by the Institutional Review Board of NIMH and the Radiation Safety Committee and the Radioactive Drug Research Committee of the NIMH Neuroscience Center at St. Elizabeths. Each patient also gave separate written informed consent to participate in medication-free studies according to a separate protocol approved by the Institutional Review Board of NIMH.
All inpatients received a thorough medical, neurological, and psychiatric evaluation before enrollment in this study. The clinical workup included structural brain magnetic resonance imaging (MRI) to rule out structural lesions as well as for coregistration with the SPECT scans. Patients were free of active medical problems or substance abuse during the 6 months preceding this study. All patients were chronically ill and were diagnosed with schizophrenia (N=11) or schizoaffective disorder (N=1) according to the Structured Clinical Interview for DSM-IV (SCID). Patients with other concomitant axis I or axis II diagnoses were excluded from volunteering for this study, as were patients with concomitant physical illnesses or medications that might interfere with the study.
Except for one patient who had not received treatment with antipsychotic medication for nearly half a year, all patients had received regular treatment with typical (N=7) or atypical (N=4) antipsychotics before this study. Five patients had also received adjunctive treatment with anticholinergic medication (benztropine). All antipsychotic and anticholinergic drugs as well as all other medications were stopped before the medication-free studies. The median medication-free period before the [ 123 I]IQNB SPECT study was 17.5 days (range=7-180). Medication-free studies were done in a crossover design that used identical-appearing active and inactive preparations of antipsychotics and anticholinergics. Inpatients and nursing staff were not aware of whether patients were receiving active or inactive preparations. Demographic data as well as previous medications of the patients with schizophrenia are listed in Table 1 .
A group of 12 unmedicated healthy volunteers without a history of medical or psychiatric symptoms were studied under identical conditions and served as a comparison group. Eight of the comparison subjects were men, and four were women; their mean age was 29.1 years (SD=9.9, range=23-55). Before inclusion in this study, comparison subjects were evaluated with a medical, neurological, and psychiatric examination. As in the case of the patients, all comparison subjects were administered a structural MRI scan to rule out structural abnormalities and for coregistration with their SPECT images. The structural MRI scans for each individual in both groups were also examined for structural differences that might confound analysis of the SPECT data, such as overall brain size, gyrification, sulcal widths, and cortical integrity. No significant structural differences were noted. Prospective comparison subjects were administered the nonpatient version of the SCID, and those with any axis I or axis II diagnosis were excluded from volunteering for this study.
The comparison group and the patient group did not differ significantly in mean age (t=1.53, df=20, p=0.14) or gender ratio (χ 2 = 0.48, df=1, p=0.48). However, the two groups did differ significantly with respect to cigarette smoking: two of the 10 comparison subjects were smokers, compared with eight of the 12 patients (χ 2 = 4.79, df=1, p=0.03). Therefore, we explored smoking as a possible confound among the patients; the within-group smoker-to-nonsmoker ratio (8:4) in the group of patients provides better statistics than that among the comparison subjects (2:8).
Clinical and Neurological Ratings
Clinical and neurological ratings were obtained for all patients with schizophrenia on the day of the [ 123 I]IQNB SPECT scan. Clinical ratings included the Positive and Negative Syndrome Scale (17) . Extrapyramidal signs were assessed with the modified Abnormal Involuntary Movement Scale (AIMS) (18) .
[ 123 I]IQNB SPECT Procedure
All subjects received five drops of a nonradioactive iodine solution (Lugol's solution) on the evening before the injection of [ 123 I]IQNB and for three evenings following the study to minimize thyroid uptake of radioactive iodine. Isomerically pure (R,S)-[ 123 I]IQNB was prepared as previously described (19) . Each subject received an intravenous injection of approximately 7 mCi of [ 123 I]IQNB at approximately 1:00 p.m. on the day before SPECT imaging. The overall study group mean injection of [ 123 I]IQNB was 7.0 mCi (SD=1.4); the patient group mean was 6.5 mCi (SD= 1.5, range=4.0-10.0), and the comparison group mean was 7.3 mCi (SD=1.5, range=4.5-9.4). The injected dose of [ 123 I]IQNB did not differ significantly between the two groups of subjects (t=1.18, df=20, p=0.25).
Subjects returned to the SPECT laboratory for a 60-minute SPECT scan 21 hours after the injection. We have previously shown that at this time nonspecific binding of [ 123 I]IQNB is reduced to near background levels of radiation and the distribution of specific binding reflects the distribution of muscarinic receptors in the human brain (14, 15, 19) . The injected dose of IQNB is a trace amount, generally much less than 10 µg. On the basis of the [ 123 I]IQNB binding data and a typical specific activity of about 8000 Ci/mmol, peak [ 123 I]IQNB concentrations in brain are estimated to be less than 100 pM, which is less than 0.1% of the expected total muscarinic receptor concentration in these tissues. During imaging, subjects reclined comfortably in the chair of the CERASPECT camera (Digital Scintigraphics, Waltham, Mass.). SPECT data were acquired with a high-resolution collimator (7.5 mm full width at half maximum) in 120-projection step-andshoot mode. Windows below (127-143 keV) and above (175-191 keV ) the photopeak window (143-175 keV ) were acquired and subtracted from the photopeak window to correct for scatter and septal penetration. The data were reconstructed by filtered backprojection with a Butterworth filter (cutoff=1 cm, power factor= 10) and stored as 64 slices, each 128×128 and composed of isotropic 1.67-mm voxels.
Image Analysis
Image analysis was performed exactly as previously described (16) . In brief, all [ 123 I]IQNB SPECT images were analyzed by a single investigator (R.A.U.), who was blind to the subjects' clinical status. First, the SPECT image volumes were coregistered with a structural MRI volume for each individual. Alignment regions of interest circumscribing gross anatomical features in the SPECT data were drawn manually on three orthogonal planes through a central point in the cerebrum. These alignment regions of interest were then superimposed onto the MRI image volume and reoriented visually to best conform to corresponding features of the MRI. Finally, the reoriented regions of interest were superimposed back onto the SPECT image volume, and the SPECT image volume was reoriented to fit back into the region of interest shell originally created from it. If necessary, this procedure was repeated until optimal fit was obtained.
With the aid of standard anatomical atlases (20) (21) (22) , measurement regions of interest were drawn on five consecutive transverse slices of the MRI to define a volume of interest for each of the following brain regions: caudate, putamen, thalamus, pons, medial frontal cortex, lateral frontal cortex, posterior temporal cortex, occipital cortex, and cerebellum. These measurement regions of interest were then transferred onto the corresponding slices of the coregistered SPECT scan for analysis of [ 123 I]IQNB binding. Raw volume of interest data were expressed as counts per minute per milliliter of tissue (cpm/ml tissue) by using the volume of each individualized volume of interest to estimate the tissue volume. After cerebellar (background) activity was subtracted, the data were corrected for decay and converted to absolute units (nCi/ml tissue) on the basis of calibration data acquired with a uniform flood phantom on each day of SPECT imaging. Finally, the volume of interest data were normalized to the injected dose of [ 123 I]IQNB to yield nCi/ml tissue per mCi injected dose as the outcome measure for subsequent statistical analysis. In the specific case of IQNB, the combination of a very low on-rate and a very long persistence at nearly constant levels of the free-parent compound in plasma causes this outcome measure to be simply proportional to the binding potential at extended times. We have previously shown that this measure is valid for analysis of [ 123 I]IQNB SPECT images (14) (15) (16) 19) .
Statistical Analyses
Statistical analyses of the data were performed with Statistica for Windows 5.1 (StatSoft, Inc., Tulsa, Okla.) and Microsoft Excel 97 (Microsoft Corp., Redmond, Wash.). Hotelling's T 2 and Student's t test for independent samples were applied to compare data from unmedicated patients with schizophrenia and normal subjects. Correlations with [ 123 I]IQNB binding data were assessed with Pearson's product moment correlation coefficient (r) and Spearman's rank order correlation coefficient (r s ) with the requirement of significance on both tests to reduce the influence of outliers and spurious associations. Chi-square tests were used for analyses of two-by-two frequency tables. Figure 1 shows typical SPECT images of a normal comparison subject and a patient with schizophrenia depicted on a common global color scale. The images are typical in the sense that for each group the individual nearest the mean of their group was chosen for this figure. As expected, muscarinic receptor availability differed between the regions of interest analyzed. High muscarinic receptor availability was found in the cortical volumes of interest; the highest binding indexes were in the temporal and occipital cortex. The muscarinic receptor availability in the putamen was comparable to that in the cortex, and the binding indexes in the caudate were somewhat lower. Muscarinic receptor availability in the thalamus was about half of that found in the cortex and basal ganglia. Substantially lower muscarinic receptor availability was found in the pons. Virtually no binding was seen in the cerebellum. This anatomical distribution of muscarinic receptor availability was seen in both normal comparison subjects and unmedicated patients with schizophrenia. It is consistent with earlier imaging reports (13, 14, 19) and data from postmortem tissue (for example, the comparison in Weinberger et al. [14] ). lists the muscarinic receptor availability for the different regions of interest.
Results
Comparisons of Muscarinic Receptor Availability
Overall, muscarinic receptor availability differed significantly between patients and comparison subjects. Post hoc comparisons showed that the values for the unmedicated patients were significantly lower in all regions of interest except the pons ( Table 2) .
The global nature of the reduction in muscarinic receptor availability becomes more apparent when the data for patients with schizophrenia are expressed as percentages of the corresponding mean value of comparison subjects on a region-by-region basis. Figure 2 displays this comparison; it is apparent in this figure that the reductions for all regions fall into a relatively narrow range (20.5% to 33.2%; mean=27.4%). This is an indication of substantial correlations among the different anatomical regions for the percent of reduction relative to comparison subjects. Since the range of variation from region to region is considerably less than the standard deviations within regions, it seems reasonable to characterize the global reduction in muscarinic receptor availability by a single value: the mean value across regions, 27.4%. If one sets a retrospective "diagnostic" criterion at half this mean reduction value, i.e., midway between the mean of the comparison subjects and the mean of the schizophrenia subjects, then seven of 10 comparison subjects were correctly classified with three false positives and 10 of 12 schizophrenia subjects were classified correctly with two false negatives (Figure 3) . Thus, in this small study group, the imaging data achieve a retrospective "diagnostic" sensitivity of 83% and a retrospective "diagnostic" specificity of 70% by using this single global reduction estimate.
Smoking and Previous Anticholinergic Medication as Possible Confounding Factors
The group of unmedicated patients with schizophrenia was further divided into smokers (N=8) and nonsmokers (N=4), and muscarinic receptor availability was examined for differences between these two groups. Using Student's t test for independent samples, we found that the muscarinic receptor availability did not differ significantly in any of the regions of interest studied (all t<-0.82, p>0.43). In fact, muscarinic receptor availability was reduced in nonsmoking patients with schizophrenia in most re- Table 3) . Because of the small number of smokers among the healthy comparison subjects, it was not possible to perform similar comparisons in that group. The group of unmedicated schizophrenic subjects was also divided into those who had been given anticholinergic medication (benztropine) before the medicationfree period (N=5) and those who had not (N=7). Again using Student's t test for independent samples, we found that muscarinic receptor availability did not differ significantly in any of the regions of interest (all t<-0.50, p>0.63) ( Table 4) .
Correlations Between Muscarinic Receptor Availability and Clinical Measures
In the patient group, [ 123 I]IQNB binding indexes did not correlate significantly with age (-0.27<r<0.31, p>0.32), with medication-free interval (-0.28<r<0.12, p>0.37), or with injected dose of radioligand (0.04<r<0.39, p>0.21) in any region of interest. The muscarinic receptor availability in the pons had a nonsignificant correlation with illness duration of r=-0.54 (p=0.07), but for all other regions the correlations with illness duration were far from significant (-0.26<r<0.26, p>0.42). Additionally, in the group of healthy comparison subjects, there were no significant correlations between [ 123 I]IQNB binding indexes and age in any region of interest (-0.19<r<0.06, p>0.60).
We found no significant correlations between muscarinic receptor availability and extrapyramidal signs in the medication-free patients with schizophrenia. The pons had a nonsignificant correlation of r=-0.51 (p=0.09) with the parkinsonism scale of the AIMS; correlations with extrapyramidal signs for all other regions were farther from significance (-0.10<r<0.41, p>0.18).
As an exploratory pilot analysis, we assessed whether ratings of schizophrenia symptoms were associated with reduction in muscarinic receptor availability on a regionby-region basis. Our post hoc hypothesis for these correlation analyses was that regions of the brain generally implicated in the pathophysiology of schizophrenia might have reductions that are associated with symptom severity. Using our criterion of significance on both Pearson's r and Spearman's r, we found significant correlations between muscarinic receptor availability and Positive and Negative Syndrome Scale symptom ratings only for the frontal cortex (r=-0.64, p=0.03; r s =-0.67, p=0.02) and the striatum (r= -0.63, p=0.03; r s =-0.68, p=0.02) (Figure 4) . Furthermore, these significant correlations were restricted to the positive symptom score; we found no significant correlations with the negative symptom score. Individual regions exhibiting significant correlations with the positive symptom score of the Positive and Negative Syndrome Scale were the lateral frontal cortex (r=-0.63, p=0.03; r s =-0.66, p=0.02), medial frontal cortex (r=-0.63, p=0.03; r s =-0.71, p=0.009), caudate (r=-0.63, p=0.03; r s =-0.69, p=0.01), and putamen (r=-0.58, p=0.05; r s =-0.66, p=0.02).
Discussion
To our knowledge, this is the first study to compare in vivo muscarinic receptor availability between unmedicated patients with schizophrenia and age-and gendermatched normal subjects. We found that the muscarinic receptor availability in patients was significantly less (20%-33% less) than that of normal subjects in the cortex, basal ganglia, and thalamus.
The Muscarinic Cholinergic System in Schizophrenia
Our data are consistent with diverse evidence from earlier pharmacological, clinical, and endocrinological observations that implicated the muscarinic cholinergic system in schizophrenia. Several clinical studies have looked at the treatment with anticholinergic agents of patients with schizophrenia. In unmedicated patients with schizophrenia, biperiden, a commonly used anticholinergic agent, led to significant decreases in negative symptoms as well as significant increases in positive symptoms (2, 3) . These findings were interpreted as reflecting greater cholinergic activity in schizophrenia. Similar findings of a worsening effect of anticholinergics on positive symptoms were also reported in patients with schizophrenia who were medicated with antipsychotics (23) . These earlier findings are compatible with our observation of a negative correlation between muscarinic receptor availability and positive symptoms because treatment with anticholinergics should further reduce muscarinic receptor availability.
In addition to these behavioral observations, sleep studies and endocrinological challenge studies suggest an alteration of the muscarinic system in schizophrenia. In sleep studies, patients with schizophrenia show reduced REM latency, which has been linked to "muscarinic supersensitivity" (4, 5) . Endocrinological challenge studies in patients with schizophrenia have reported a greater growth hormone response to pyridostigmine, a cholinesterase inhibitor, suggestive of greater cholinergic tone (6) . Anticholinergic treatment may even have an effect on mortality: the lack of treatment with anticholinergics has been associated with reduced survival in elderly patients with schizophrenia (24) .
Our finding of reduced muscarinic receptor availability is compatible with the results of neuropathological studies that have examined the muscarinic system in schizophrenia. Analyzing the receptor availability for different neurotransmitters in the frontal cortex in two samples of patients with schizophrenia and normal comparison subjects, Bennett et al. (7) found significantly lower 3 H-QNB binding in patients with schizophrenia. Dean et al. (8) reported a significant reduction of M 1 receptor density in the caudate-putamen of patients with schizophrenia compared with normal subjects. Although patients with schizophrenia previously treated with anticholinergics had even lower binding, the M 1 receptor density was also significantly reduced in subjects who had not received anticholinergics. A similar reduction was also reported for the M 2 and M 4 subtypes of the muscarinic receptors in the caudate and putamen (9) . In other studies from the same group, M 1 and M 4 receptor density was reduced in patients with schizophrenia in regions of the hippocampal formation (10) and in the prefrontal cortex (11) . The results of these studies contrast with two other studies that found greater muscarinic receptor density in patients with schizophrenia in the orbitofrontal and medial frontal cortex (25) as well as the putamen (26) . Another study counted cholinergic neurons in the pedunculopontine nucleus and reported significantly more in patients with schizophrenia than in normal comparison subjects but no difference between groups in noradrenergic neurons in the locus ceruleus (27) .
Several enzymes involved in the regulation of acetylcholine metabolism also have been investigated. Concentrations of choline acetyltransferase, the enzyme-synthesizing acetylcholine, were significantly smaller in the pons of patients with schizophrenia than normal comparison subjects, but there were no differences between these groups in other brain regions (28) . In contrast to this finding, greater levels of choline acetyltransferase in the hippocampus, caudate, putamen, and nucleus accumbens in patients with schizophrenia have also been described (29) . In another study (30) , cholinergic markers (choline acetyltransferase and acetylcholinesterase) were diminished in the brains of subjects with Alzheimer's disease but not different in the brains of patients with schizophrenia compared with normal subjects. Although the reasons for these inconsistencies in the postmortem literature are unclear, the possibilities of uncontrolled effects of chronic illness and treatment are difficult to address in such studies.
It is of interest to speculate on the relationship of the cholinergic system to other neurotransmitter systems implicated in schizophrenia. The dopaminergic and cholinergic systems in the brain interact directly and indirectly in the striatum and in the cortex. Functional muscarinic receptors have been shown to exist on dopaminergic neurons in single unit recordings (31) as well as in microdialysis experiments (32) . In the substantia nigra, cholinergic fibers have synaptic contact with dopaminergic neurons (33) . Similarly, it has been suggested that ventral tegmental area dopamine cells have functional muscarinic receptors and that the activation of these receptors stimulates the release of dopamine (34) . In synaptosomes, acetylcholine potentiates the release of dopamine. This effect can be counteracted by atropine (35) . In a positron emission tomography (PET) study of human volunteers, the application of muscarinic cholinergic antagonists resulted in increased striatal dopamine release (36) . The activation of dopaminergic cells in the midbrain by muscarinic agonists involves M 1 -like receptors (37) . The effects of the application of muscarinic agonists on dopaminergic neurons depends on the pattern of activation and ranges from hyperpolarization after brief activation of muscarinic receptors to desensitization after prolonged activation (38) . Acetylcholine itself exerts very little effect on dopaminergic neurons, but muscarinic and nicotinic agonists increased their firing rate (31) . On the basis of these observations, Yeomans (39) has speculated that schizophrenia may be caused by an overactivation of cholinergic neurons in the pedunculopontine and the laterodorsal tegmental nucleus, resulting in activation of dopaminergic neurons. Such speculation would suggest that our findings represent a secondary down-regulation of postsynaptic cholinergic receptors. However, it is difficult to arrive at a simple scheme to explain the basic pharmacological data implicating an overactive cholinergic system, evidence that anticholinergics increase positive symptoms in patients, and the results in schizophrenic brain tissue (both the postmortem and our in vivo data).
Other neurotransmitter systems have been studied in vivo in schizophrenia. Most of these studies failed to find significant differences in baseline receptor availability between unmedicated patients with schizophrenia and normal comparison subjects. Although one study found an increase in dopamine D 2 receptor availability in medication-free patients with schizophrenia (40) , subsequent studies failed to replicate significant differences in dopamine D 2 receptor availability (41) (42) (43) . Similarly, no significant changes have been found for the in vivo availability of the dopamine transporter (44, 45) . However, unmedicated patients with schizophrenia showed significantly higher dopamine release after an amphetamine challenge than normal comparison subjects, suggesting that the dopaminergic neurons may be more responsive in schizophrenia (46) (47) (48) .
Methodological Considerations
In the interpretation of our data, the potential role of previous medication treatment needs to be taken into consideration. Although all subjects had been medication free for at least 7 days before the SPECT scan (and most subjects considerably longer), they had taken antipsychotics before this period. Some subjects had also taken anticholinergics or antipsychotics with known anticholinergic properties. Although little is known about the effects of antipsychotic and antimuscarinic treatment on muscarinic cholinergic receptors in humans, this issue has been studied in animals (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) . The results have been inconsistent, ranging from a decrease in muscarinic receptor density to no change to an increase. However, most of the data suggest an up-regulation of muscarinic receptors after pharmacological treatment with antagonists, in contrast to our results. Carryover effects from previous pharmacological treatments seem unlikely because muscarinic receptor availability did not correlate with the duration of the medication-free period. Reduced muscarinic receptor availability was found in all subjects regardless of their previous pharmacological treatment (typical versus atypical antipsychotics, use of anticholinergics versus no anticholinergics, and antipsychotics with anticholinergic properties versus no anticholinergic properties).
In clinical practice it is widely recognized that the prevalence of smoking among patients with schizophrenia far exceeds the prevalence of smoking in the general population. Consistent with this observation, smokers are overrepresented among our small group of patients with schizophrenia. However, when comparing muscarinic receptor availability among smokers and nonsmokers in the patient sample, we found even lower muscarinic receptor availability among the nonsmoking schizophrenic subjects. The small number of subjects does not allow firm conclusions, but these results suggest that smoking per se is not responsible for the low muscarinic receptor availabilities found in our patients.
Similarly, it seems unlikely that age-related effects could account for our observations. Our group of comparison subjects did not differ significantly in mean age from the group of patients, and muscarinic receptor availability did not significantly correlate with age in either group. This observation of no significant decline with age in muscarinic receptor availability is consistent with our findings of no significant decline with age in a larger group of 20 healthy comparison subjects ranging in age from 23 to 75 years (59) .
Other potential confounds that might lead to erroneously low SPECT region of interest measurements are structural differences in the brain tissue between groups. However, our a priori examination of the MRI scan for each individual in both groups revealed no gross structural differences that might account for the reductions we have observed. Although subtle differences in brain structure or tissue composition might account partially for our findings, it should be noted that the reductions in muscarinic receptor availability that we have determined in vivo are quantitatively in good agreement with corresponding in vitro studies of postmortem tissue (7) (8) (9) (10) (11) . Thus, we feel it is unlikely that structural differences had a significant effect on our measurements.
SPECT and PET imaging of neurotransmitter receptors uses specific tracers labeled with radioactivity. In our previous [ 123 I]IQNB SPECT studies in patients with schizophrenia treated with olanzapine or clozapine (16), we were able to show that [ 123 I]IQNB SPECT is sensitive to receptor occupancy by medication. Reduced receptor availability in unmedicated subjects can be attributable to either reduced numbers of receptors or increased occupancy by endogenous neurotransmitter, in this case acetylcholine. Although a hypercholinergic state cannot be excluded on the basis of our SPECT study, the neuropathological re-ports of reduced muscarinic receptor density suggest that our findings reflect a reduction in receptor density. The two effects, however, are not mutually exclusive, and a hypercholinergic state would be expected to be associated with a corresponding down-regulation of muscarinic receptors (see discussion above).
Muscarinic Receptor Selectivity and Treatment Implications
[ 123 I]IQNB binds very selectively and with high affinity to muscarinic receptors (12) . [ 123 I]IQNB does not allow discrimination between the different subtypes of the muscarinic receptors. So far, five genetically distinct subtypes of the muscarinic receptor (M 1 , M 2 , M 3 , M 4 , and M 5 ) are known to be expressed in the brain with different anatomical distributions. One of the unexpected findings in our study is the relatively widespread and regionally nonspecific pattern of reduction in muscarinic binding. This observation suggests that the availability of multiple muscarinic receptor subtypes is reduced in schizophrenia. This is also compatible with the results of neuropathological studies, which have shown decreases in schizophrenia in the different muscarinic receptor subtypes (e.g., M 1 and M 2 /M 4 ). The genes for the different subtypes of the muscarinic receptor subtypes are located on different chromosomes. Although a common transcription factor for all muscarinic receptor genes might explain the reduction in the density of different muscarinic receptor subtypes, little is known about the regulation of the expression of the muscarinic receptor genes, and there is no evidence that they share a common transcription factor (60, 61) .
The role of the muscarinic system in schizophrenia recently has been evaluated as a potential novel pharmacological approach for the treatment of psychosis. (5R,6R)6-(3-Propylthio-1,2,5-thiadiazol-4-yl)-1-azabicyclo[3.2.1]octane (PTAC) is a muscarinic receptor ligand with partial agonist effects at muscarinic M 2 and M 4 receptors and antagonist effects at M 1 , M 3 , and M 5 receptors. PTAC selectively inhibits dopamine cell firing as well as the number of spontaneously active dopamine cells. Since this substance proved to have functional dopamine receptor antagonistic properties in animals, it may be further investigated as a novel approach for the treatment of schizophrenia (62) . Treatment with other muscarinic agonists, including xanomeline, resulted in behavioral responses similar to treatment with traditional antipsychotics in animal models that may be applicable to humans (63).
In conclusion, there is mounting evidence that the muscarinic cholinergic system is altered in schizophrenia. Our study shows a significant reduction of muscarinic receptor availability in unmedicated schizophrenic subjects. We cannot address whether this finding represents a primary pathophysiological phenomenon or a secondary effect of other factors. These results need to be replicated in additional groups of patients, especially those without previous medication exposure and without chronic illness. The availability of a noninvasive neuroimaging method for measurement of muscarinic binding in vivo makes this possible. These latter replication studies might apply the retrospective "diagnostic" criteria that we found useful in this study to test their utility as a diagnostic aid in a prospective manner.
